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A preliminaryinvestigationwasconduoted,intheNACAClevelanl
20-inchsupersonictunnelata Machnumberof1.92witha 3.6-inch-
di.ameterramJettodeterminetheeffectsofcombuetionontheper-
formanceofa shockdiffuserwitha triple-shookprojectingcone.
Resultsarepresentedfora rangeofoutletareasandfuelflows
withbothsingle-andsplit-fuel-injeotionsystem.

Thepeaktotal-~ssureremveryobtained byvaqtngtheoutlet
-a decreasedfrom0.91ofthefree-streamtotalpressurefora
fuelflowof40pcnuxisperhour(fuel-airratio,approximately0.02)
to0.67fora fuelfluwof100poundsperhour(fbel-airratio,
approximately0.05)comparedwitha peakof0.92withoutcombustion.
Fora givenoutlet-inletarearatiosthesamepeaktotal-pressure
recove~wasobtainedforbothsingle-andsplit-fuel-injection
systems.

Thephenomenonof decreasingpeaktotal-pressurerecoveries
isattributedtoanoscillationofthediffusernormalshock,ini-
tiatedbypressurepulsationsfrcmthecombustionprocess.Obser-
vationsoftheflameInthecombustionchamberandtheshockpattern
atthecliffuserinletindicatedanunsteadyflowconditionwhenthe
fuelflowwasincreasedortheoutletarea,wasdecreasedfromthe
valuesatthepeaktotal-pressurerecovery.Withtheoutletarea
adjustedtomaintaina constanttotal-pressurerecovery,ooinbustion
producedIittleornoeffect-cntheMachnumberdistributionatthe
diffuseroutlet.

INTRODUCTION ~.

k
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Theefficientconversionofthekineticener 9 ‘\‘,ofa sup~ronio.’~..
airstreamintopressureatthecombustion

.
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hasbeentheobjectiveofmanycomprehensiveinvestigations(refer-
ences1 to9). AttheNAOAClevelandlaboratory,extensivestudies
havebeenconduotedInthe18-by18-inchsupersonictunnelata
Kch numberof1.85withthreetypesofsupersonicdiffuser:(1)the
oouvergent+ivergentdiffuser(referenoe1),(2)theshookdiffuser
(references2 to5),ani(3)the~z%omteddiffuser(referenoe6).
Theseinvestigations,cotiuctedascoldrunsat onehkaohnumber,
utilizeda movableconicaldamperattheendofa simulatedcombustion
ohembertovarythebackpressureonthediffuserandtherebyvary
thelocationofthenozmmlshockina mannersimilartothatexpected
withcombustion.Noexperimentalevidenoeisavailable,however,
thatshowshowanactualocmbustionprooessina ramjetinfluences
theoperationofa supersonicdiffuser.

A studywastherefonconductedwitha 3.6-inoh+Mameterram
JetintheNACAClevelad20-inchsupersonictunneltodeterminethe
effectsofmmbustiononthetotal-pressurerecoveryandthel@ch
numberdistributionofa shockdiffuser.Noattemptwasmadeto
evaluatethemmbustionperformanoeoftheengine.

APPARATUSANDPFKmmRE

Thesupersonicflowwasproduced.ti the 20-inchsupersonictunnel,
a circularsingle-passsuetionwindtunnel.TheInletairpassed
throughanair-drierbedofaotivatedaluminaandovera seriesof
electricheaterelements.A test-sectioncalibrationsurveyatthe
inletofthe3.6-inch-dismeterram-~etmodelshuwedthatthetunnel
operatedataMaohnumberof1.92*O.04.Throu@onttheinvestigation
dryheatedah wasmaintaine~ata dewpointof-15°*10°F anda
totaltemperatureof220°●5 l?.

A schematicdiagramoftheexperimentalmodelIsshownin
figurel(a).Thediffusercombination,whichwasthesameasthat
reportedInreference4 (configurationA;tipprojection,1.50in.)~
consistedofa triple-shookcone(30°-50°-60°)witha curvedinlet
anda 5°subsonicdiffuser(inletmea withoutcme,3.14sqin.).

Thecombustionchamberwasa straightpipeseotion3.6inches
Indiameterand24.5inoheslong.A sparkplugIgnitedthe
aoetyl.enepilotInthesmallsolidGoneatthecenterofa per-
foratedconioal“flameholder(fig.l(b)).Thisaoetylene-gaspilot
systemwasnecessarytotiltiateandmaintainccmbustion.Themain
fuelwasunleaded62-ootanegasoline.

A single-anda split-fuel-injectfonsystemwereused.Inthe
firstsystem,thefuelwasinjectedupstreemfroma 12-gallon-per-
hourdiffusingspraynozzle(ratedat100lb/sqin.gage)inthe
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subsonicdiffuser.Znthesecondsystem,fuelsuppliedfroma com-
monmnifoldwasinjectedbothupstreamfroma 10.5-gallon-~r-hour
diffusingspraynozzle(ratedat100lb/sqin.gage)inthesub-
sonicdiffuseranddownstreamthroughfourO.013-inoh-diameterori-
fioes.ona oiroularfiel-spraybarattheflameholder.Thesplit-
fuel-inJectionsystemwasdes&$nedtoincreasetherangeoffuel
flows.Coldpressuremeasurementsshoweda static-pressuredrop
acrosstheflam holderofapproximately0.6thecombustion-chsmber
-ic pressure.

A v=iable-outlet-areanozzle(fig.1 (c))waslooatedatthe
endofthecombustionchamber.Thisdeviceconsistedoftwospher-
ioalflapsthatpivotedona oozmnonaxis.Theprojectedez’eawas
masuredforvariouspositionsoftheflapstoestimatethevalues
ofoutletarea,

A rakeof20pitot-statictubes(fig.l(d))wasusedtoobtain
thepressuremeasurementsattheocdnzstlon-chamberinletfromwhich
valuesoftotal-pressurerecoveryandMch numberwereoaloulated.
Allpressureswerephotographioall.yreciordedona multiple-tube
.mananeterboardusingtetrabromoet~astheworkingfhid.

A shaduwgraphwasinstalledinthetunneltoallowobservation
oftheshockpatternatthediffuserinlet.

‘ Runswithoutocmbustionwereco~uctedasinreferences1 to6;
thatis,thetotal-pressurerecove~wasdeterminedasa funotion
ofoutlet-inletarearatio.

Combustionstudieswereconducted:(1)witha constantoutlet
ma todetemd.netheeffectsofa variablefhelflowonthedif-
fhserperformsmoe,and(2) witha variableoutletareatoevaluate
thediffuserWrfomanoewitha constantfuelflow(thatis,a con-
stantfhel-airratiowithsuwrsonioflowintotheinlet).The
airfluwwiththenomalshockinsidethediffuserwasapproximately
2090poundsperhour.

ANDDISCUSSION

S~bols

Thefollowingsymbols- usedinthisdiscussion:

Ai diffuser-inletareawithconeremoved

4 pro~ectedram-jet-outletnozzleareanormaltofrees-&eam
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M3 Machnumberatdiffuseroutlet(combustion-ohamber‘&let)

PO free-streamtotal

‘3 totalpressureat

Wf fuelfluw,pounds

Diffuser

TIMvariationof

pressure

diffuseroutlet(ocxnbustion-chamber

~r hour

Perform&noe withoutCombustion

total-pressurerecoveryP=/P.
inletarea-tio A4~Aifora shockdiffuserwi?h~
projectingconeata Machnumberof1.92isshownin

Inlet)

withoutlet-
triple-shook
f@ure2. A

@ak P#P
2

ofC).92wasobtained.A similaroume ispresentedin
referenoeforthesamediffuseroombinationata Mmh numberof
1.85.At a ktmhnumberof1.85,a peakP3/Poof0.95wasobtained.
ThelowerP~Po ata Machnumberof1.92-is-attributedtothe
increaseds~k iossesatthehigher~ch number.Thisdiffuserper-
formanceourveobtainedwithoutoabustioniscomparedwiththe
zwnzltsobtainedwithoombuetion.

Iin order todeteminetheeffect offuelinjectiononthe
diffusertotal-pressurerecovery,coldmns werealsocOtiucteain
whiohfuelwasinjectedatvaryingflowratesinthesubsonio~
of the dfffuser.Nonoticeablechangeintotal-pressurerecovery
resulted.

CombustionwithConstantOutlet-Inlet&ma Ratio

Inordertosimulatea ranJetwitha fixed-outlet-areanozzle,
theeffectofvaryingthefuelflow(orfuel-airratiowhensuyr-
sonicflowisestablishedintheinlet)onthetotal-pressurerecove~
ofthediffuserwasinvestigatedforseveralvaluesofoutletma.
One-dimensionalanalysisiniioatesthatifthenormalshockis
looatedinthesubsonicdiffuser,additionofheattothecombustion
chambermovestheshocktowardthethroatamdinoreasesthetotal-
pressurereoovery.Withinoreasedheating,thepeakcoldtotal-
pressurerecoveryisreachedatithendecreasesastheshockis
foroedaheadoftheinlet.

—

,

,

Thee~rimentallydeterminedvariationoftotal-pressure
recove~asa funotionoffuelflowispresentedinfigure3 for
sevemaloutlet-inletarearatiosandforthetwosystemsoffuel
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injection. me trendsof tie curvesfor bo& tiesingle-andsplit-
fuel-injectionsystemsaresimilar.Fa eachoutlet-inletarea.
ratio,a peaktotal-pressurereccwerywithrespecttofuel.flm
occurs● Ilhispealsdecreaseswithincreasingoutlet-tnletarearatio.
ThepeakcOlatotal-pressurerecoverywasnotreallzedwithconibustion.

This*encmenonofdecreasingpeaktotal-pressurerecove~with
increasingoutlet-inletarearatiocannotbeatizribu~toaninsuffi-
cientheatreleasebecauseoftwoobservations:(a) !l!hepeakto&l.-
pressurerecare~occursatdtfferentfuelflows(andhenceatdif-
ferentfuel-airratios)foreachoftieoutlet-inletarearatios;
and(b)thepeaktotsl-pressurerecoveriesforeachfuel-injection
systemoccurataboutwe _ fuelflowfora givenoutlet-inlet
arearatio.Shadcugraphobservationsshuuedthattheairflow
tbrou@theinletwasoscilla~ forfuelflowsgreaterthanthe
peakvalues.

Fora givenoutlet-inletareamtio themmllrisetntotal-
pressurerecoveryabuvethe001a-~ valueshowninfigure3 itiicates
verylittleheatadditionfromtieconibustion~cess. Anestimated
~ valueof1.5wasobtainedforthetctal-taqperatureratio
acrossthecanibusttonchsrfiber.

.
CcmibustionwithConstemtFuelFlow

●

.

.

!l%ediffuserperformmceofa ram$etwitha variableautlet-
sreanozzlewasinvestigatedatfiveconstantfuelflowsoverthe
~ ofoutlet-inletarearatios.Zheresultsandthereference
curve(withoutcodbustfon)sreshowninfigure4. !lhetredsof
thecumesforbothsingle-andsplit-fuel-injecthnsystemsaae
similar.Ateachfuelflow,P3/poinc~s~ toa ~ -w as

3
A41 &ecreasedfromthe~ positicmforwhichCol?ibustion
COUI.bemaintained.Withfurtierdecreasein A~~, P~Po
decreasedanddroppedbelowthereferencecurve.Combustionwas
roughandunstablewhen A~~ wasless- thevalueatthepeak
P3/P@ Atincreasingvaluesoffuelflow,thecurvesoftotaJ.-
pressurerecuvery(fig.4)~ shiftedverticallyu- fora
givenA~~, asmi#rtbetheoreticallye~cted tiththeincreased
temperaturerisefromtheccmibustlonprocess.Contraryto&eo-
reticalpredictions,thepeaktotal-pressurerecoveryobtainedwith
combustionatconstantfuelflowdidnotremainconstant,but
decreasedwithincreasingvaluesoffuelflow.!hepeaktotal-
pressurerecoveriesvariedfrom0.91ofthefkee-stmamtotel-
pressureata fuelflowof40poundsperhour(fuel-airratio,
approximately0.02)to0.67ata fuelflowof100poumisper hour
(fuel-airratio,approxi?s3tely0.05).



6

MffuserPerformancewtth

.

NACA

Combustion

RMNo● E6F15

A summaryofthepeaktotal-Pressurerecoveriesshownh fia-
ures3 and4 isgiven‘infigure5-asa functionofoutlet-inlet-
arearatio.Thepeaktotal-pressurerecoveriesformme curvefor
bothsingle-andsplft-fuel-lnjectlansystemsoperatingunderccm-
dltlmsofeitherccmatantoutletareaorconstantfuelflaw.The
peaktotal-pressurerecoveriesdecreasedrapidlywithincreasing
outlet-inletarearatiosratherthanremainingconstant.This
pnenanenonisbelievedcausedbya high-frequenoyoscillationof
thenormalshockinitiatedbypressurepulsationsthatresultfrom
a coupledunsteadycombustionprocess.Transientexplosionsmight
forcethenormalshookaheadoftheinletwitha resultlngdecrease
h themass-flawrateintotheengine.Thefuel-airratiowould
therebyincreaseandmcxnentaryblow-outmightresultuntiltheshock
reenters.

~ oscillationm?mvementoftieshookfromitsoptimum
steady-statepositionlowersthemeantotal-pressurerecovery.
During*e oscillatorycycle,tierecordedmaximumtotal-pressure
recovery nqy be expected to lie somewherebetweentheoptimumcold
valueandthecoldvaluefortiegtvenoutlet-areasetting. UMer
suchconditions, increasingthe outlet areawouldlowerthe cold
total-~essure remvm?yforthegtvenoutletsettingandhencewould
resultina loweredpeakreccmrywi*conibustioninaccordancewith
figure5.

Roughandunstableccaubustionwasobservedwhenthefuelflow
wasticreasedortheoutletareawasdecreasedfrompeakvaluesof
figures3 end4. A simpleshadowgraphsimultaneouslyindicateda
vibratoryshockpatternattheinlet.

The
diffuser

MachNumberDistributionatDiffuserOutlet

effectofcanbustiouontheMachnumberdistributionatthe
outletwithandwithoutcombustionisshowninfigure6

underconditionsofconstantP3/po~d ~zt=t A4/~. The=ia-
tionofcombustion-chauberMachnumberM3 withandwithoutCom-
bustionispresentedinfigure6(a)fora p E()

7
of0.91forthe

single-fuel-injectbnsystemandinfigure6b)fora P /P. of
z0.?9forthesplit-fuel-ln~ecthnsystem.Thecurveeinicatethat

combustionhadverylittleeffectontheMachnumberdistribution
whena constanttotal-pressurerecoverywasmaintatiedinthediffuser.
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TheeffectofctiustiononMachnuuiberdistributionsisshownin
. figure6(c)foran A4/

7
of0.49forthesingle-fuel-injection

“systemd infigure6(d foran Ad+ of0.71f= thespl.it-fuel-

?
ectionsystem.Atconstantvaluesof A4/~ andwitihvaluesof

‘3 ‘o inthesupercriticalregionthecurvesobtainedwithcombus-
tionirxlicatea mcmeuniformW2h nuniberaistiibutiOn~ that
obtainedtithoutconibustion.ZhismoreuniformMachndberdistri-
butionisaccompaniedbya reducttonintheaverageM3 anda cor-
responding$ncreasefn P3/PO. !lheseresults itiicate that, witha
fixed-outlet-areanozzle,ccaibuetionchangesthe~ch nuniberdistri-
butionthroughitseffectontotal-pressurerecovery.

SUMfARYOFRESUL!LS

I&cmeninvesti~tion,todeteminetheeffectsoncombustion
ina 3.6-inch-dian&erramjetontheperformanceofa shockdif-
fuserw5tha triple-shockpro~ectingconeata Wch numberof1.92,
thefollowingresultswereobtained:

1. Contrsrytotileoretical~ctitions,thepeaktotal-
pressurerecweriesobtainedwfthcombustionbyvq@ng theoutlet
ereadecreasedfrom0.91ofthefree-streamtotalpressureata
fuelflowof40poundsperhour(fuel-airratio,appro~tely0.02)
to0.67ata fuelflowof100poundsperhour(fuel-airratio,
approximatelyO.05),ascomparedwitha peakof
bustion.

2.Ata givenoutlet-inletarearatio,tie
pressurerecove~wasobtainedforbothsingle-
in~ectionsystems.

0.92Witpout com-

Ssme peaktotal-
andsplit-fuel-

3.Ihephenomenonofdecreasingpeaktotal-pressurerecoveries
isattributedtoeaoscillationoftienormalshock,initiatedby
~essurepulsations&cm thecmilnzstionprocess.Observationsof
theflameintheconductionchamberandtheshockpatternatthedif-
fuserinletIndicatedanunsteadyflowconditionwhentiefizelflow
wasincreasedortheoutletareawasdecreasedframthevaluesat
thepeaktotal-pressurerecov~.

4.Withtheoutletareaadjustedtomaintaina constanttotal-
~essurerecwery,ccmibustionproducedlittlecmnoeffectonthe
I&ohnuniberdistributionatthediffuseroutlet●

Fli@t PropulsionResearchIabora~,
N3tionalAdvisoryCcmmdtteeforAeronautics,

Cleveland,~io.
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(a)Schematiodiagramshowingoomponentparts.
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Figure1. - Experimentalram-jetmodel.
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Variable-outlot-area nozzle.

(d) Pitot-atatio survey rake looated
at moss-section A-A (fig.l(a)).

Figure1. - Concluded. Experimental ram-jet model.
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